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Abstract.  11 
A composite paraffin-based phase change material (PCM) was prepared by blending composite paraffin 12 
and calcined diatomite through the fusion adsorption method. In this study, raw diatomite was purified 13 
by thermal treatment in order to improve the adsorption capacity of diatomite, which acted as a carrier 14 
material to prepare shape-stabilized PCMs. Two forms of paraffin (paraffin waxes and liquid paraffin) 15 
with different melting points were blended together by the fusion method, and the optimum mixed 16 
proportion with a suitable phase-transition temperature was obtained through differential scanning 17 
calorimetry (DSC) analysis. Then the prepared composite paraffin was adsorbed in calcined diatomite. 18 
The prepared paraffin/calcined diatomite composites were characterized by the scanning electron 19 
microscope (SEM) and Fourier transformation infrared (FT-IR) analysis techniques. Thermal energy 20 
storage properties of the composite PCMs were determined by DSC method. DSC results showed that 21 
there was an optimum adsorption ratio between composite paraffin and calcined diatomite and the 22 
phase-transition temperature and the latent heat of the composite PCMs were 33.04 °C and 89.54 J/g, 23 
respectively. Thermal cycling test of composite PCMs showed that the prepared material is thermally 24 
reliable and chemically stable. The obtained paraffin/calcined diatomite composites have proper latent 25 
heat and melting temperatures, and show practical significance and good potential application value. 26 
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1. Introduction 32 
PCMs are recognized as one of most effective materials for energy supply in the future and have a 33 
good prospect of worldwide application in energy conservation and effectively using available heat 34 
[1-4]. PCMs are a type of energy storage materials, which have the ability of absorb and release latent 35 
heat during a phase change process between solid-solid or solid-liquid phases over a narrow 36 
temperature range [5, 6]. There are mainly two kinds of PCMs, inorganic PCMs and organic PCMs. 37 
The inorganic PCMs refer to inorganic salt hydrates based on the latent heat storage during dehydration 38 
and hydration, which have a high energy storage density and high thermal conductivity. However, they 39 
have severe drawbacks, such as large super-cooling degree, segregation during phase transition under 40 
thermal cycling, strong corrosion, and being incompatible with several inorganic materials [1, 7]. On 41 
the other hand, the organic PCMs can avoid the problems inherent in inorganic ones, and the research 42 
on how to improve the heat capacity, thermal stability, thermal conductivity and durability of the 43 
composites enclosing PCMs has become a research hotspot recently [8]. There are a large number of 44 
organic PCMs available in temperature ranging from -5 to 190 °C [1]. The organic PCMs with different 45 
phase change temperatures have different applications. The phase change temperature of PCMs at 46 
around 10-40 °C is suitable for the thermal comfort application in buildings [9]. However, the practice 47 
of integration of PCMs with polymer matrix into buildings still has some limitations, including low 48 
thermal conductivity of PCMs and high labor costs in application practice. As a result, some studies 49 
have been focused on building materials impregnated with PCMs in order to solve these problems 50 
[10-12]. 51 
 52 
Paraffin is one of most important groups of organic PCMs which consist of a mixture of mostly 53 
straight-chain n-alkanes (CH3 - (CH2)n -CH3). Many investigations showed that the paraffin waxes 54 
absorb, store and release a great amount of heat repeatedly during phase conversions, which have 55 
considerably high latent heat storage capacities between 200 and 250 J/g, and have a wide range of 56 
melting temperatures with a thermal stability up to 250 °C [1]. Because paraffin is chemically inert, 57 
noncorrosive, odorless, inexpensive and nontoxic, paraffin waxes and their mixtures have been 58 
extensively applied in commercial thermal storage [13-19].   59 
 60 
Diatomite, or diatomaceous earth, is a type of natural amorphous siliceous mineral with porous 61 
 4 
 
structure from geological deposits, which is composed predominantly of the fossilized skeletons of 62 
diatoms [20, 21]. Diatomite has many unique properties including high porosity, high permeability, 63 
large specific surface area and chemical inertness [21, 22]. Due to these characteristics, it is widely 64 
used in industry as a filter agent [23], building material [24], filler adsorbent [25], catalyst carrier [26], 65 
abrasive [27], ingredient in medicines [28] and wastewater treatment [29-31]. The diatomite is 66 
abundant in China, especially in Jilin province. Attributed to these advantages, diatomite is a sort of 67 
feasible low weight building materials as carriers of PCMs for energy storage in buildings.  68 
 69 
Integration of organic PCMs into diatomite for thermal energy storage has attracted a great interest 70 
in recent years. Karaman et al. [5] prepared a kind of polyethylene glycol (PEG)/diatomite composite 71 
as a novel form-stable phase change material for thermal energy storage. The results showed that the 72 
melting temperature and latent heat of the composite PCM were 27.70 °C and 87.09 J/g. The thermal 73 
conductivity of compound material was improved by adding expanded graphite. Li et al. [32] prepared 74 
several kinds of binary fatty acid/diatomite shape-stabilized phase change materials using the fusion 75 
adsorption method. The results indicated that the latent heat of capric–lauric acid/diatomite decreased 76 
to 57 % of that of capric–lauric acid PCMs, and the phase-transition temperature rises lightly from 77 
16.36 to 16.74 °C. Sarı et al. [33] investigated the thermal energy storage properties and thermal 78 
reliability of some fatty acid esters/building material composites. The form-stable composite PCMs 79 
were prepared using the vacuum impregnation method by absorbing galactitol hexa myristate (GHM) 80 
and galactitol hexa laurate (GHL) esters into porous networks of diatomite, perlite and vermiculite. The 81 
results manifested that the melting temperatures and latent heat values of were 45.86 °C, 96.21 J/g and 82 
39.09 °C, 63.08 J/g for GHM /diatomite and GHL /diatomite, respectively. 83 
 84 
Zheng et al. [34] found that the specific surface area and the adsorption capacity of raw diatomite 85 
increased greatly after suitable calcination. In this study, raw diatomite was calcined firstly in order to 86 
improve the adsorption capacity of diatomite. The paraffin waxes and liquid paraffin were blended 87 
together through the thermal method to obtain the proper PCMs. Thermal properties of paraffin 88 
mixtures were investigated by differential scanning calorimetry (DSC) analysis. Then, the 89 
paraffin/calcined diatomite mixture was prepared using the fusion adsorption method. The obtained 90 
composite PCM was characterized in terms of chemical compatibility using scanning electron 91 
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microscope (SEM) and Fourier transform infrared (FT-IR) analysis. Thermal properties and thermal 92 
reliability of prepared composite PCM were investigated by differential scanning calorimetry (DSC). 93 
 94 
2. Experimental 95 
2.1. Materials 96 
Paraffin waxes were supplied from Shanghai HuaYong Paraffin Co., LTD, and liquid paraffin was 97 
obtained from Xilong Chemical Co., LTD. The raw diatomite samples used in the experiments were 98 
obtained from Linjiang Beifeng Diatomite Co., LTD (Jilin, China). The chemical constituent of the raw 99 
diatomite is given in Table 1. 100 
 101 
2.2. Experimental method 102 
 103 
The raw diatomite samples were thermally treated under different calcining conditions. Firstly, the 104 
effect of calcination temperature was studied with the calcination time set at 2h. Then the variation of 105 
specific surface area and pore properties was measured in order to determine the suitable calcination 106 
temperature. Based on the results of calcination temperature tests, the effect of various calcination time 107 
was examined and at the mean time the calcination temperature was kept constant. Paraffin waxes and 108 
liquid paraffin were weighed according to different ratios (95:5，90:10，85:15，75:25，70:30，50:50，109 
25:75), and were mixed evenly in a 50 ml beaker. The mixture was put in the water bath at a constant 110 
temperature of 65 °C until it melted completely. The paraffin mixture was stirred using a magnetic 111 
stirring apparatus at 200 rpm for 30 min. Then thermal properties of composite paraffin samples were 112 
determined. After confirming the optimum ratio of paraffin waxes and liquid paraffin, the composite 113 
PCMs were prepared by using fusion adsorption method [34]. The composite PCMs were prepared by 114 
directly mixing evenly the paraffin mixture in melted state with calcined diatomite in a 50 ml beaker. 115 
Following the procedure, the optimum adsorption ratio of paraffin mixture in the calcined diatomite 116 
was determined through increasing the paraffin adsorbed in diatomite by 3 % from 40 %, which can be 117 
determined as the form-stable PCM. Afterwards, the samples were put in a water bath at a constant 118 
temperature of 80 °C and stirred using a magnetic stirring apparatus at 300 rpm for 20 min. At last, the 119 
prepared samples were dried at room temperature. 120 
 2.3. Characterization 121 
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The specific surface area of samples was measured by a nitrogen sorption isotherm measurement 122 
(JW-BK, JWGB Sci. &Tech). The chemical composition of samples was determined by an X-ray 123 
fluorescence spectrometer instrument (Spectra X-lab 2000). The morphology of samples was examined 124 
by a scanning electron microscopy (S-3500N, FEI Company). Fourier-transform infrared spectroscopy 125 
(FT-IR) was undertaken by a Thermofisher Nicolet 6700 spectrometer. The samples were prepared at 126 
potassium bromide (KBr) pellets. The infrared spectra of prepared samples between 400 and 4000 cm-1 127 
were recorded. The thermal property of paraffin mixture and composite PCMs was tested by a 128 
differential scanning calorimeter (series Q2000, TA®). Approximately 2-4 mg of sample was heated in 129 
a nitrogen atmosphere at a rate of 10.0 °C/min from -60 °C or -40 °C to 100 °C. 130 
 131 
3. Results and discussion 132 
3.1.  Thermal treatment of raw diatomite 133 
It has been proved that the higher specific surface area of diatomite, the better the adsorption 134 
capacity of the diatomite [32]. As the supporter, the higher the mass ratio of paraffin adsorbed on the 135 
diatomite, the higher the latent heat of the obtained composite. The effects of calcination conditions 136 
including calcination temperature and time on specific surface area of diatomite are shown in Fig. 1. 137 
Firstly, the effect of calcination time was studied, and the calcination time was 2h. Then, the effect of 138 
calcination time was examined while the calcination temperature was kept constant. 139 
 140 
From the Fig. 1, it is clear that the variation of specific surface area of diatomite with an increase 141 
of calcination temperature could be divided into three steps. The specific surface area increased initially 142 
with increasing the calcination temperature. With increase of calcination temperature, the external color 143 
of diatomite changed from grey to pink, which might be attributed to the valence change of iron 144 
because of oxidative reaction. When the calcination temperature reached 450 °C, the specific surface 145 
became stable. The specific surface area of daitomite showed a descending tendency over 650 °C 146 
because the porous structure of diatomite might be melted and damaged. It is concluded that the 147 
optimum calcination temperature is 450 °C. With an increase of calcination time, the specific surface 148 
area of diatomite increased firstly and then reached a platform at 0.5h. As a result, the selective 149 
calcination time was suggested as 1h in order to remove completely the organic impurities and 150 
carbonate compounds. Table 1 exhibits main chemical compositions of raw diatomite and calcined 151 
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diatomite. The main chemical composition of diatomite is amorphous SiO2·nH2O [21]. The higher the 152 
content of SiO2, the better the purity of diatomite. From the Table 1, the purity of diatomite was 153 
improved to a certain extent after calcination.  154 
3.3. Determination of the optimum proportion of paraffin waxes and liquid paraffin 155 
 156 
Fig. 2 shows the DSC curves of pure paraffin waxes and pure liquid paraffin. There were two phase 157 
change peaks in typical DSC curve of pure paraffin waxes. The first minor peak at the left about 158 
37.35 °C was corresponded to the solid-solid phase transition and the second sharp peak at 57.37 °C 159 
represented the solid–liquid phase change of the paraffin waxes [35, 36]. Because the solid-liquid phase 160 
change was the main phase change of the paraffin waxes, the solid-liquid phase change was only 161 
discussed. From the onset temperature points of curves, the phase-transition temperature of paraffin 162 
waxes was 47.05 °C, while the phase-transition temperature of liquid paraffin was -48.3 °C. The latent 163 
heat of paraffin waxes and liquid paraffin was 206.5 and 10.8 J/g, respectively. The results proved that 164 
the paraffin waxes had a large latent heat with a relative high phase-transition temperature, while the 165 
thermal properties of liquid paraffin were just the opposite. Considering the proper thermal comfort 166 
application in buildings is 10-40 °C, the paraffin waxes and liquid paraffin are needed to be evenly 167 
mixed in order to obtain a suitable phase-transition temperature. To study the thermal properties of 168 
different proportions of paraffin waxes and liquid paraffin, differential scanning analysis was carried 169 
out. The DSC curves of different proportions of paraffin waxes and liquid paraffin are showed in Fig. 3. 170 
The obtained values of phase-transition temperature and latent heat of composite paraffin mixture are 171 
summarized in Table 2. From the Fig. 3 and Table 2, the phase-transition temperature of composite 172 
paraffin decreased gradually with the increase of proportion of liquid paraffin. On the other hand, the 173 
higher the mass ratio of liquid paraffin, the smaller the latent heat of paraffin mixture. Our assumptions 174 
were confirmed by all the obtained results. In order to meet the application requirements of buildings 175 
materials, the prepared paraffin mixture should possess as high as latent heat with a suitable 176 
phase-transition temperature. Compared with the phase-transition temperature and latent heat of these 177 
prepared paraffin waxes, when the ratio of liquid paraffin to paraffin waxes is 30%, the paraffin 178 
mixture showed more appropriate thermal property than that of the other mixtures. The phase-transition 179 
temperature and latent heat of the obtained paraffin mixture were 29.94 °C and 145.9 J/g, respectively.  180 
3.2. The optimum adsorption ratio of composite paraffin in calcined diatomite 181 
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 182 
Generally, the higher the mass ratio of paraffin mixture to diatomite, the larger the latent heat of 183 
paraffin/calcined diatomite PCMs [32, 37]. However, excess of paraffin mixture impregnated in 184 
diatomite may cause the leakage during the melting process. The experiment defined the maximum 185 
adsorption ratio without any leakage occurring during the process of melting as the optimum adsorption 186 
ratio.  187 
During the synthesis of composite PCMs, the paraffin mixture and calcined diatomite were firstly 188 
weighed according to different mass proportions of paraffin and calcined diatomite, and then were 189 
mixed evenly in a 50 mL beaker. Then they were put in the water bath at a constant temperature at 190 
80 °C until paraffin mixture melted completely. Under the smaller adsorption ratio, it can be seen that 191 
there was a lot of dry particle surface in prepared samples. The more the paraffin mixture loaded on 192 
calcined diatomite, the darker the exterior color of prepared composite PCM. When the adsorption ratio 193 
was over 61 wt%, there were agglomerations or an excess of paraffin adhered to the beaker wall, which 194 
means leakage of paraffin occurs during the melting process. As a result, it is concluded that the 195 
optimum adsorption ratio of composite paraffin in calcined diatomite is 61 wt%. There was no leakage 196 
of the paraffin from the surface of prepared composite PCM up to this adsorption ratio during the 197 
melting process. 198 
3.3. The microstructure of paraffin/calcined diatomite shape-stabilized PCMs 199 
 200 
Fig. 4 shows the scanning electron microscope image of raw diatomite, calcined diatomite after 201 
calcinations and paraffin/diatomite composite PCMs. As can be seen from Fig. 4 (a), there were a lot of 202 
impurities on the surface of the raw diatomite and the diatom of diatomite was disc-shaped with 203 
particular cellular structure and porosity. Most of the pores on the surface of raw diatomite were 204 
blocked by impurities. On the other hand, from the Fig. 4 (b), it was clearly seen that there were less 205 
impurities and the pores on the surface of calcined diatomite became more obvious, which 206 
corresponded to calcination experimental results. After thermal treatment, the organic substances 207 
existing in pores of diatomite were volatilized and this resulted in the increase of specific surface area 208 
of diatomite. From the SEM images given in Fig. 4 (c) and (d), the prepared paraffin /calcined 209 
diatomite composite PCMs exhibited a spherical morphology with a well defined core-shell 210 
microstructure. The particle size distribution of composite PCMs ranged between 5 and 20 μm. The 211 
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primary porous structure morphology of diatomite as well as interface between paraffin and diatomite 212 
were not seen. It shows that paraffin was uniformly absorbed in diatomite, and they had a good 213 
physical compatibility. The stable structure provides mechanical durability for the composite. Hence, 214 
the composite maintains its shape in the solid state without seepage of the melted paraffin. 215 
3.5. FT-IR analysis 216 
The FTIR spectra of calcined diatomite, paraffin mixture and the composite PCM are shown in 217 
Fig. 5. From the spectrum of calcined diatomite, peaks at 1106 and 812 cm-1 are caused by Si-O-Si 218 
asymmetry stretching vibration and the Si-O-Si symmetric stretching vibration peak, respectively [38]. 219 
The peak at 478 cm-1 is associated with the Si-O-Si bending vibration peak. Moreover, the stretching 220 
vibration and the bending vibration of -OH functional group are found at the wave number of 3449 and 221 
1657 cm-1, respectively.  222 
From the spectrum of paraffin, it is obvious there are two peaks at 2845 and 2914 cm-1 assigned to 223 
C-H symmetric stretching vibration and asymmetric stretching vibration. The bands at 1461 cm-1 and 224 
1377 cm-1 ascribed to C-H bending vibration in paraffin. The peak at 723 cm−1 represented the rocking 225 
vibration of its CH2. These typical peaks of paraffin were presented in the spectrum of composite PCM, 226 
such as C-H stretching vibration (2485 and 2914 cm-1) and C-H bending vibration (1461 and 1377 227 
cm-1). The primary diatomite functional groups were also found in the spectrum of composite PCM. 228 
However, compared with the original calcined diatomie, the Si-O-Si asymmetry stretching vibration 229 
peak at 1102 cm-1, the Si-O-Si symmetric stretching vibration peak at 788 cm-1 and the Si-O-Si bending 230 
vibration peak at 461 cm-1 in composite PCM slightly shifted to lower wavenumber, and this change 231 
was also observed in the previous studies [2, 39]. The change in wavenumber was related to the 232 
adsorption of paraffin on the surface of calcined diatomie. However, there was no significant new peak 233 
appearing in the spectrum of composite PCM, which proved that there is no chemical interaction 234 
between paraffin and calcined diatomite. The paraffin mixture was adsorbed in calcined diatomite 235 
because of the surface tension forces. 236 
3.6. Thermal properties of paraffin/calcined diatomite shape-stabilized PCMs 237 
It has been found that the prepared composite PCMs are required to be stable in terms of thermal 238 
manner over a great number of freezing and melting cycling [5]. As a result, thermal cycling test was 239 
performed to determine the change in thermal properties of form-stable composite PCM with respect to 240 
thermal cycling number. 241 
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Fig.6 shows that the DSC curves of the prepared form-stable composite PCM before and after 200 242 
thermal cycling. From the DSC curves, phase change temperatures for melting and freezing of 243 
composite PCM before cycling were determined at 33.04 and 52.43 °C, respectively. After thermal 244 
cycling, phase change temperatures for melting and freezing of composite PCM were changed to 34.12 245 
and 52.86 °C. The latent heat of fusion varied from 89.54 to 85.31 J/g, while the latent heat of freezing 246 
was changed from 89.80 to 87.32 J/g. The latent heat of the prepared composite PCM is lower than the 247 
pure paraffin mixture, which is mainly due to the decrease of the mass faction of paraffin and the lower 248 
latent heat of calcined diatomite [17, 32]. However, the latent heat of the obtained composite PCM is 249 
still relatively high [40, 41]. The phase change temperature and latent heat of composite PCM just 250 
changed slightly, which indicated that the chemical structure of composite PCM was not affected by 251 
repeated melting and freezing cycling. Therefore, the prepared form-stable composite PCM was 252 
chemically stable after 200 thermal cycling.  253 
4. Conclusions 254 
The composite prepared with paraffin mixture and calcined diatomite was an innovative 255 
form-stable phase change material. The calcined diatomite with high specific surface area and unique 256 
porous structure was chosen as the supporting material. The specific surface area and porosity can be 257 
improved through suitable thermal treatment. From SEM analysis, because of new generated well 258 
defined core-shell microstructure, the composite PCM can maintain its shape in the solid state without 259 
seepage of the melted paraffin. The FT-IR analysis showed that the adsorption of paraffin in diatomite 260 
is physical. When the adsorption ratio of composite paraffin in calcined diatomite was 61 %, the latent 261 
heat of composite PCM decreased from 145.9 to 89.54 J/g. The prepared composite PCM had a good 262 
latent heat and suitable melting temperature (33.04 °C) for thermal energy storage application in 263 
buildings. Meanwhile, the composite PCM was chemically stable after 200 thermal cycling through the 264 
thermal cycling test. Based on the obtained results, it is concluded that paraffin/diatomite composite 265 
material can be considered as a promising phase change material for energy storage due to its 266 
satisfactory thermal performance and thermal reliability.  267 
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Fig. 5. FT-IR spectrum of calcined diatomite, paraffin mixture and composite PCM. 406 
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Fig. 6. DSC curves of the form-stable paraffin/calcined diatomite composite before and after 409 
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Table 1 Chemical compositions of raw diatomite and calcined diatomite. 419 
Constituent SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O SO3 LOI 
Raw diatomite 83.06 3.91 1.56 0.15 1.03 0.74 0.73 0.28 0.72 7.93 
Calcined diatomite 86.90 4.06 1.99 0.16 0.82 0.59 0.69 0.28 0.72 3.80 
 420 
Table 2 Phase-transition temperature and latent heat of different proportions of paraffin waxes 421 
and liquid paraffin. 422 
Proportion(waxes : liquid ) 95:5 90:10 85:15 75:25 70:30 50:50 25:75 
Phase-transition temperature（°C） 46.09 43.68 43.69 41.85 29.94 27.39 9.37 
Latent heat（J/g） 189.30 177.70 172.40 154.90 145.90 97.00 25.74 
 423 
 424 
